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INTRODUCTION 


Over  the  past  three  years,  the  Merged  Beams  Laboratory  at  the  University  of 
Western  Ontario  has  been  engaged  in  a  project  to  demonstrate  and  to  characterize  the 
laser  induced  enhancement  of  the  rate  for  the  radiative  recombination  of  electrons  and 
protons.  The  primary  impetus  for  this  study  is  to  develop  a  method  for  producing  neutral 
antihydrogen  atoms  by  recombining  positrons  and  antiprotons  in  an  efficient  way.  The 
work  performed  to  date,  and  for  the  foreseeable  future  however,  has  dealt  only  with 
normal  matter,  i.e.  electrons  and  protons.  The  ability  to  alter  the  rate  of  a  chemical 
reaction  by  shining  laser  light  onto  the  reagents  is  of  fundamental  interest  in  its  own  right. 
Thus,  in  recent  studies,  we  have  extended  our  original  mandate  to  include  studies  of  laser 
stimulated  radiative  recombination  of  other  atomic  ions  such  as  He\  We  have  also  begun 
to  examine  the  effects  of  photon  illumination  of  molecular  ions  undergoing  recombination 
with  electrons.  Here  we  have  found  a  new  effect  in  which  the  illumination  leads  to  a 
reduction  in  the  recombination  rate.  This  is  a  very  fertile  area  of  investigation  and  will 
undoubtedly  have  numerous  applications. 


LASER  STIMULATED  RADIATIVE  RECOMBINATION 


When  an  electron  makes  a  collision  with  an  atomic  ion,  one  can  picture  the 
electron  as  existing  temporarily  in  an  extended  Bohr  orbit  during  its  brief  encounter  with 
the  ion  core.  This  can  be  represented  as 

e  +  A+  -  A(nl)  +  hv . (I)  j~ - - - 
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where  n  and  I  are  the  principal  and  orbital  angular  momentum  quantum  numbers 
respectively.  For  a  thermal  electron,  the  time  of  interaction  is  very  short  (10 15  secs).  If 
during  this  time  period,  the  electron  drops  down  to  a  lower  Bohr  orbit,  a  photon  will  be 
emitted  and  if  this  lower  orbit  is  bound,  the  recombination  will  be  stabilized.  Photon 
emission  times  are  typically  of  the  order  of  1 0 9  seconds  however,  so  this  event  is  very 
rare.  This  means  that  radiative  recombination  occurs  with  a  very  small  reaction  rate. 

The  cross  section  for  radiative  recombination  to  a  particular  n  state  can  be 
calculated  using  Kramers  formula1: 

E  2 

0=2  .  lxlO~22cm2 - 2 — - ...  (l) 

nEciE^E^) 

where  E0  is  the  binding  energy  of  the  ground  state  of  the  ion,  i.e  for  H  this  is  13.6  eV.  ECM 
is  the  center-of-mass  collision  energy. 

If  the  electron-ion  collision  takes  place  in  the  presence  of  a  photon  field,  it  is 
possible  for  the  photons  to  pump  the  stabilizing  transition  to  a  lower  Bohr  orbit  if  their 
energy  is  equal  to  the  energy  separation  between  the  upper  and  lower  states.  This  can 
lead  to  a  greatly  enhanced  recombination  rate.  This  process  is  known  as  Laser 
Stimulated  Radiative  Recombination  i.e. 

hv  +  e  +  H+  -* H(nl)  +  2hv . (II) 

The  degree  of  enhancement  produced  by  the  photon  illumination  can  be  estimated 
from  the  ratio  of  the  Einstein  B  and  A  coefficients  for  stimulated  and  spontaneous 
transitions  respectively2.  Thus  for  laser  power  P  and  beam  cross  sectional  area  F,  the 
gain  factor,  (the  ratio  of  the  cross  sections  for  stimulated  to  spontaneous  recombination 
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into  a  specific  nl  level)  is  given  by: 


G= 


Pc' 


8nFhv3Av 


i  ....  (2) 


where  v  is  the  frequency  of  the  stimulating  and  emitted  photon  and  A  v  is  a  frequency  or 
energy  spread  term.  The  smaller  Av,  the  better  the  degree  of  matching  between  the 
pumping  frequency  and  the  energy  separation  between  the  initial  and  final  states.  In 
practice  the  value  of  Av  is  limited  by  (a)  the  frequency  width  of  the  laser  beam,  (b)  the 
energy  width  of  the  states  and  (c)  the  spread  of  the  collision  energy  in  the  center-of-mass 
reference  frame.  In  practice,  (c)  usually  dominates. 

Av  is  related  to  AECM  by  the  relation 


Av=(mvg/h)  ...  (3) 


Figure  1  illustrates  the  radiative  recombination  process  in  terms  of  an  energy  level 
diagram.  It  can  be  seen  that  for  a  fixed  laser  frequency,  stimulation  to  a  given  atomic 
energy  level,  n„  will  occur  for  a  fixed  collision  energy,  E,.  If  the  collision  energy  is 
increased  to  Eb  where: 

Eb-E,=E0(-^--^-) - (4) 

nb2  n* 

stimulation  will  occur  to  the  next  higher  state,  nb.  E,  is  given  by: 

Ea=h\-E0/n2, ...  (5) 
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1 .  Energy  level  diagram  representation  of  the  stimulated  radiative  recombination  process. 


PREVIOUS  WORK 


The  first  experimental  demonstration  of  Laser  Stimulated  Radiative  Recombination 
(LSRR)  was  reported  by  us  in  19913.  In  that  experiment,  which  employed  a  10.6  nm 
carbon  dioxide  laser  operating  with  the  Merged  Electron-Ion  Beam  Experiment  at  the 
University  of  Western  Ontario,  (Figure  2),  stimulated  recombination  of  electrons  and 
protons  to  form  hydrogen  atoms  in  principal  quantum  number  states  n=1 1  and  12  was 
measured.  In  a  similar  experiment  employing  a  pulsed  dye  laser  and  an  ion  storage  ring 
at  the  University  of  Heidelberg,  Schramm  et  al.4  measured  the  stimulated  radiative 
recombination  to  form  H(n=2). 

The  original  experiment  at  UWO  involved  a  single  passage  of  the  laser  beam 
across  only  about  1/80th  of  the  electron-ion  interaction  region.  While  this  was  sufficient 
to  demonstrate  the  efficacy  of  the  process,  the  resulting  signal  was  small  necessitating 
long  counting  times  to  achieve  satisfactory  statistical  accuracy.  In  an  effort  to  improve  this 
situation,  the  multipass  cavity  shown  in  figure  3  was  constructed  and  installed  in  the 
interaction  region.  This  device  as  tested,  allows  the  laser  beam  to  make  a  total  of  fifteen 
passes  across  the  interaction  region  thus  increasing  the  distance  over  which  the 
electrons,  ions  and  photons  interact,  and  therefore  the  signal  detected,  by  a 
corresponding  amount. 
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1R  Detector 


2.  Schematic  diagram  of  the  Merged  Electron  Ion  Beam  Experiment  (MEIBE II)  at  the 

University  of  Western  Ontario. 
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Multi-Pass  Cavity 


3.  Multi-pass  cavity  used  to  increase  the  illumination  of  the  interaction  region  in  the 
MEIBE  II  apparatus. 


CURRENT  STUDY 


The  current  report  describes  new  measurements  of  the  stimulated  recombination 
of  electrons  and  protons  to  form  hydrogen  atoms  in  states  with  n=11,  12  and  13.  We 
have  also  investigated  the  relationship  between  gain  and  laser  power  over  the  range  from 
0  to  15  watts. 

As  mentioned  above,  we  have  extended  our  studies  to  other  ions  and  report  here 
the  first  measurement  of  the  stimulated  recombination  of  electrons  and  He+  ions.  A  new 
feature  that  is  seen  in  these  results  is  the  recombination  to  form  atoms  in  different  spin 
states. 

Lastly  we  have  examined  the  effect  of  laser  illumination  on  the  rate  of  dissociative 
recombination  processes  using  H3+  as  a  test  ion. 

RESULTS  AND  DISCUSSION 
1.  Electron-Proton  Stimulated  Recombination 

The  new  multipass  cavity,  (Figure  3),  installed  in  the  MEIBE II  apparatus,  (figure  2), 
has  been  used  to  enhance  the  illumination  of  the  interaction  region  by  a  factor  of  fifteen. 
This  in  turn  has  resulted  in  a  signal  enhancement  of  a  factor  of  fifteen,  allowing  for  much 
faster  data  collection  and  corresponding  ease  of  operation.  Using  this  device,  we  have 
remeasured  the  stimulated  recombination  of  electrons  and  protons  to  form  hydrogen 
atoms  in  the  n=1 1  and  12  states.  We  have  further  extended  the  measurements  to  include 
recombination  to  the  n= 13  state.  The  results  are  shown  in  figure  4.  The  three  peaks 
shown  are  the  effective  recombination  cross  sections,  measured  as  a  function  of  center- 
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Stimulated  Recombi.  .ation 


4.  Effective  cross  sections  for  the  stimulated  radiative  recombination  of  electrons  and 

protons  to  form  hydrogen  atoms  in  the  states  n=11, 12  and  13. 


of-mass  collision  energy,  normalized  to  5  watts  of  laser  power.  Figures  5,  6,  and  7  show 
these  individual  peaks  using  an  expanded  scale. 

It  can  be  seen  that  the  energy  resolution  achieved  in  these  experiments  is  very 
high;  the  peak  widths  being  in  the  range  from  0.3  meV  to  0.5  meV.  Table  I  lists  the  cross 
sections  calculated  using  equation  1  with  the  corresponding  measured  cross  sections  for 
the  stimulated  process.  Also  shown  are  the  gains  calculated  using  equation  2.  It  can  be 
seen  that  while  the  gains  measured  for  n=12  and  13  are  close  to  that  expected,  that  for 
n=1 1  is  low  by  a  factor  of  about  3.  It  is  not  clear  why  this  gain  is  low  but  it  may  be  that 
the  energy  stability  of  the  apparatus  is  not  good  enough  to  be  able  to  sit  on  the  exact 
peak  for  sufficient  time  to  make  the  measurements.  This  effect  is  especially  problematic 
at  the  low  collision  energies  where  the  n=11  peak  lies. 

A  study  has  been  made  of  the  relationship  between  the  gain  and  the  laser  power 
over  the  range  from  0  to  15  watts  and  the  results  are  shown  in  figure  8.  It  can  be  seen 
that  over  this  energy  range  the  relationship  is  linear  and  there  is  no  sign  of  re-ionization 
leading  to  a  gain  reduction. 

2.  Electron-He+  Stimulated  Recombination 

Initial  measurements  have  been  made  of  the  process: 

hv  +  e  +  He+  -  He(nl)  +  2hv . (Ill) 

and  the  results  of  these  measurements  are  shown  in  figures  9, 10  and  1 1  for  capture  into 
the  n=15  and  n= 16  states.  In  this  case  we  obtain  double  peaked  resonances.  This  may 
be  possibly  explained  as  follows.  The  neutral  helium  spectrum  consists  of  two  series;  a 
singlet  and  a  triplet,  figure  12.  The  triplets  lie  lower  in  energy  than  the  singlets  and  so  for 
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N=1 1 


CENTER  OF  MASS  ENERGY  (meV) 


5.  Effective  cross  sections  for  the  stimulated  recombination  of  electrons  and  protons 
to  form  hydrogen  atoms  in  the  n= 11  state.  (Expanded  scale). 


N  =  12 


CENTER  OF  MASS  ENERGY  (meV ) 


6.  Effective  cross  sections  for  the  stimulated  recombination  of  electrons  and  protons 
to  form  hydrogen  atoms  in  the  n= 12  state.  (Expanded  scale). 
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CENTER  OF  MASS  ENERGY  (meV) 


7.  Effective  cross  sections  for  the  stimulated  recombination  of  electrons  and  protons 
to  form  hydrogen  atoms  in  the  n= 13  state.  (Expanded  scale). 
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8.  Measured  relationship  between  gain  and  laser  power  for  H+  stimulated 
recombination. 


a  given  photon  energy,  stimulated  recombination  to  these  states  will  occur  at  an  energy 
less  than  to  the  singlets.  These  results  are  very  new  and  there  has  not  been  time  prior 
to  the  writing  of  this  report  to  verify  this  explanation. 

The  uniqueness  of  the  stimulated  recombination  process  and  the  high  energy 
resolution  of  the  merged  beam  technique  combine  beautifully  in  this  example  to 
demonstrate  the  fine  details  of  atomic  spectroscopy. 

3.  Laser  Induced  Effects  in  Dissociative  Recombination 

For  most  small  molecular  ions,  the  dissociative  recombination  process  is  believed 
to  proceed  either  directly  via  the  formation  of  a  repulsive  intermediate  state: 

AB+  +  e  -  AB“  -  A*  +  B  ...(I) 

or  indirectly  via  the  formation  of  a  vibrationally  or  rotationally  excited  Rydberg  state  that 
is  subsequently  predissociated: 

AB+  +  e  -  ABR  -  AB*  -  A*  +  B  ...(II) 

For  H2\  the  repulsive  state  intersects  the  ion  ground  state  in  the  vicinity  of  the  v=1  level 
and  mechanism  (I)  dominates  over  mechanism  (II).  For  H3+  on  the  other  hand,  there  is 
a  non-optimal  crossing  between  the  ion  ground  state  and  the  repulsive  state  and  so 
mechanism  (II)  must  dominate.  Previous  studies5  performed  using  the  merged  beam 
technique  have  indicated  that  some  of  the  intermediate  states  formed  during  the 
recombination  of  H3+  have  lifetimes  of  1(X7  s  or  greater.  Since  these  states  are  highly 
excited,  it  was  assumed  that  it  should  be  possible  to  perturb  them  via  photon  absorption 
and  thus  possibly  to  alter  the  cross  section  for  the  recombination  process.  An  experiment 
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TABLE  I.  SUMMARY  OF  EXPERIMENTAL  RESULTS  FOR 
STIMULATED  RADIATIVE  RECOMBINATION  OF  FT 
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9.  Effective  cross  sections  for  the  stimulated  recombination  of  electrons  and  He+  ions 
to  form  helium  atoms  in  the  n= 15  and  n=16  states. 
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1 0.  Effective  cross  sections  for  the  stimulated  recombination  of  electrons  and  He*  ions 

to  form  helium  atoms  in  the  n= 15  state. 

(Expanded  scale). 


He  Stimulated  Recombination 


1 1 .  Effective  cross  sections  for  the  stimulated  recombination  of  electrons  and  He*  ions 

to  form  helium  atoms  in  the  n=16  state. 

(Expanded  scale). 
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has  been  performed  using  the  techniques  and  apparatus  described  above,  to  investigate 
this  possi  bility. 

Yhe  results  are  shown  in  figures  13  and  14.  When  5  watts  of  power  are  used,  the 
cross  section  at  low  energies  is  reduced  by  a  factor  of  0.8  while  above  0.4  eV,  the  cross 
section  goes  to  zero.  Surprisingly  however,  when  the  laser  power  is  increased  above  5 
watts,  the  cross  section  returns  to  its  original  value  and  does  not  change  with  further 
increases  in  power.  The  reason  for  this  is  not  at  all  clear  at  this  time  and  further  studies 
of  this  peculiar  phenomenon  are  planned. 
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